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Poliovirus selectively replicates in neurons in the spinal cord and brainstem, although poliovirus receptor
(PVR) expression is observed in both the target and nontarget tissues in humans and transgenic mice
expressing human PVR (PVR-transgenic mice). We assessed the role of alpha/beta interferon (IFN) in
determining tissue tropism by comparing the pathogenesis of the virulent Mahoney strain in PVR-transgenic
mice and PVR-transgenic mice deficient in the alpha/beta IFN receptor gene (PVR-transgenic/Ifnar knockout
mice). PVR-transgenic/Ifnar knockout mice showed increased susceptibility to poliovirus. After intravenous
inoculation, severe lesions positive for the poliovirus antigen were detected in the liver, spleen, and pancreas
in addition to the central nervous system. These results suggest that the alpha/beta IFN system plays an
important role in determining tissue tropism by protecting nontarget tissues that are potentially susceptible
to infection. We subsequently examined the expression of IFN and IFN-stimulated genes (ISGs) in the
PVR-transgenic mice. In the nontarget tissues, ISGs were expressed even in the noninfected state, and the
expression level increased soon after poliovirus infection. On the contrary, in the target tissues, ISG expression
was low in the noninfected state and sufficient response after poliovirus infection was not observed. The results
suggest that the unequal IFN response is one of the important determinants for the differential susceptibility
of tissues to poliovirus. We consider that poliovirus replication was observed in the nontarget tissues of
PVR-transgenic/Ifnar knockout mice because the IFN response was null in all tissues.

The replication of many viruses is restricted to certain cells
and tissues in the host. This tissue tropism results in a distinct
disease pattern unique for each virus. Since virus infection
initiates after binding of the virion to a receptor on the cell
surface, cellular receptors for viruses have been considered the
primary determinants of tissue tropism. However, following
the identification of receptors for a number of viruses, it be-
came apparent that receptor distribution in the host is wider
than the virus replication sites (38). This indicates that virus
tropism may be determined by another factor(s) in addition to
the virus receptor.

Poliovirus, belonging to the genus Picornaviridae, is the caus-
ative agent of an acute human central nervous system disease,
poliomyelitis (33). After poliovirus infection, the virus first
multiplies in the oropharyngeal and intestinal mucosa and then
in the lymphatic tissues, such as the tonsils and Peyer’s patches.
The virus drains into the blood and circulates within the body.
Because visceral tissues, except for adipose tissues, seem to be
nonpermissive for poliovirus infection, apparent pathological
lesions are not observed in the nonneural tissues. Therefore,
the site of virus multiplication during the viremic phase has not

been identified. Finally, poliovirus reaches the central nervous
system, which leads to the development of a paralytic disease in
less than 1% of persons naturally infected with wild-type po-
liovirus (4, 23, 35). Even in the central nervous system, the
poliovirus antigen, nerve cell changes, and inflammatory reac-
tions are localized mainly in motor neurons in the anterior
horn of the spinal cord and neurons in the brainstem. The
brainstem as far as the hypothalamus and thalamus bears most
of the cerebral pathological changes in poliomyelitis. The ce-
rebral cortex (except for the motor cortex), basal ganglia (ex-
cept occasionally for the globus pallidus), and the cerebellar
cortex (except for the vermis) are rarely affected (2, 6). In
terms of modern molecular biology, tissue tropism may be
determined by interactions between host and viral factors. It is
therefore important to elucidate the molecular mechanism re-
sponsible for tropism.

The poliovirus receptor (PVR) has been considered a major
determinant of poliovirus tissue tropism (13). The molecular
cloning of the human PVR gene was reported more than a
decade ago (18, 24). With cultured cells, susceptibility of po-
liovirus infection completely correlates with the presence of
functional PVR. However, in vivo, this rule is not always true.
Analyses of PVR expression in humans revealed that there are
many tissues, such as the liver and kidneys, that express PVR
but are not involved in the infection (18, 24). Transgenic mice
expressing the human PVR gene with its natural promoter
(PVR-transgenic mice) were produced as a new animal model
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for the study of poliovirus pathogenicity (21, 32). PVR-trans-
genic mice exhibited a paralytic disease that resembled human
poliomyelitis after poliovirus infection. PVR mRNA was de-
tected in all tissues of PVR-transgenic mice by Northern blot
hybridization, although expression was restricted to certain
cells, such as neurons in the central nervous system (20, 32)
and Bowman’s capsule and tubules in the kidney (32). PVR
was also detected in the glomerulus in the kidney by immuno-
fluorescent staining (15). These data suggest that PVR is nec-
essary for poliovirus infection but may not be the sole deter-
minant of tissue tropism (reviewed in reference 29). The
results also suggest the existence of other factors that deter-
mine tissue tropism concomitantly with PVR expression. It is
possible that host factors required for poliovirus replication
are abundant only in target tissues or that host factors inhib-
iting virus replication are present in nontarget tissues.

To identify possible host factors, we produced another trans-
genic mouse strain in which there is ubiquitous PVR expres-
sion under the control of the CAG promoter (14). If we hy-
pothesize that host factors required for poliovirus replication
are present only in susceptible tissues, the distribution of po-
liovirus replication sites in the new transgenic mice would be
the same as or wider than that in the transgenic mice previ-
ously produced, since the distribution of the PVR has broad-
ened. However, after intracerebral infection, poliovirus prop-
agated to a slight degree in neurons and glial and ependymal
cells near the inoculation sites on day 1 postinfection (p.i.) but
the virus titer decreased from day 2 p.i. without development
of fatal encephalitis and poliomyelitis. After intraperitoneal
and intravenous infection, no apparent signs of illness or virus
replication were observed. It seemed to us that an unknown
factor(s) that prevented virus replication and spreading was
induced. This led us to hypothesize that an innate immune
response, such as the production of interferon (IFN), may
influence the pathogenesis of poliovirus.

Picornaviruses are sensitive to IFNs (7, 8, 25, 27, 49). IFN
plays a central role in the innate immune antiviral response.
Infected cells produce alpha/beta IFNs, which induce a num-
ber of genes, called IFN-stimulated genes (ISGs), that confer
an antiviral state (36, 39, 41). In some viruses, including cox-
sackievirus and Theiler’s virus, alpha/beta IFN plays an impor-
tant role in the pathogenicity and tissue tropism of the virus (9,
10, 28, 34, 44). However, little is known about the role of
alpha/beta IFNs in poliovirus pathogenesis.

Here we report the results of experiments that we conducted
to assess the contribution of alpha/beta IFN in the pathogen-
esis of poliovirus infection with a PVR-transgenic mouse
model (20, 21). PVR-transgenic mice were crossed with IFN-
�/� receptor (IFNAR) knockout mice in which alpha/beta IFN
signaling is disrupted (26). Poliovirus infection of the resulting
PVR-transgenic/Ifnar knockout mice revealed that the IFN
system is an important determinant of poliovirus tissue tropism
and poliovirus pathogenesis.

MATERIALS AND METHODS

Cells, viruses, and mice. African green monkey kidney (AGMK) cell line
JVK-03 (19) was maintained in Eagle’s minimal essential medium supplemented
with 5% fetal bovine serum. The poliovirus type 1 Mahoney strain was obtained
by transfection of in vitro-synthesized RNA from infectious cDNA clone pOM
(40) into JVK-03 cells. Virus titer was determined by a plaque assay on JVK-03

cells. A transgenic mouse strain, ICR-PVRtg21 (20, 21), was backcrossed for 10
generations with C57BL/6 mice, and then N10 mice were mated to obtain
homozygotes (PVR-transgenic mice). The mouse strain deficient in the Ifnar
gene, A129 (26), was purchased from B&K Universal Limited (United Kingdom)
with the permission of M. Aguet. A129 was backcrossed for five generations with
C57BL/6 mice and then with PVR-transgenic mice for two generations. PVR�/�

Ifnar �/� mice were obtained by intercrossing these PVR-transgenic/Ifnar knock-
out mice.

Until the infection experiments, mice were maintained in an animal facility
free of the following pathogens: Citrobacter rodentium, Corynebacterium kut-
scheri, Mycoplasma pulmonis, Pasteurella pneumotropica, Salmonella spp., cilia-
associated respiratory bacillus, Helicobacter hepaticus, Pseudomonas aeruginosa,
Clostridium piliforme, Mycoplasma pulmonis, ectromelia virus, lymphocytic cho-
riomeningitis virus, mouse hepatitis virus, Sendai virus (HVJ), EDIM virus
(rotavirus), minute virus of mice, mouse encephalomyelitis virus, pneumonia
virus of mice, mouse adenovirus, reovirus type 3, ectoparasites, intestinal proto-
zoa, and pinworm. Six-week-old mice were used for the experiments. All exper-
iments with mice were performed in accordance with the Guidelines for the Care
and Use of Laboratory Animals of the Tokyo Metropolitan Institute for Neuro-
science.

Poliovirus infection in mice. Poliovirus at the indicated doses was inoculated
intracerebrally, intravenously, or intraperitoneally as described previously (21).
The mice were observed daily for 3 weeks or sacrificed at the indicated time p.i.
The 50% lethal dose (LD50) was calculated by the method of Kärber (45). In
poly(I):poly(C) [poly(I:C)] protection experiments, 200 �g of poly(I:C) (Calbio-
chem) in phosphate-buffered saline was administered intracerebrally, and polio-
virus challenge (104 PFU) was performed with the same inoculation routes on
the next day.

Determination of virus titer in mouse tissues. Six mice inoculated with polio-
virus were sacrificed on day 3 p.i. They were anesthetized and blood was col-
lected from the heart. After perfusion with 20 ml of phosphate-buffered saline,
the tissues were removed and frozen at �80°C. The tissues were thawed and
homogenized in 5 to 10 ml of minimal essential medium. After centrifugation for
20 min at 3,000 � g, the virus titer of the supernatant was determined.

Histological and immunological examinations. Three to six mice were sacri-
ficed on day 1, 2, or 3 p.i. or when the mice showed paralysis and were then used
for histological examination. The mice were anesthetized and perfused with 10
ml of phosphate-buffered saline followed by 10 ml of 4% paraformaldehyde in
phosphate-buffered saline. The fixed tissues were embedded in paraffin, from
which 3-�m-thick sections were prepared. The poliovirus antigen was detected
with an immunoperoxidase method as described previously (21).

Alanine aminotransferase and amylase activity. To evaluate the extent of liver
injury in the mice, the serum alanine aminotransferase (ALT) level was mea-
sured with the Transnase Nissui kit (Nissui Pharmaceutical Co. Ltd.). The serum
amylase level in the mice was measured by the method of Henkel et al. (12) with
the Cica Auto amylase kit (Kanto Chemical Co. Inc.).

Quantitative real-time PCR. Mice tissues were separated immediately after
sacrifice and stored at �80°C. Total RNA was isolated from the tissue with the
RNeasy mini RNA isolation kit (Qiagen, Valencia, Calif.) according to the
supplier’s instructions. After DNase I treatment, cDNA primed with a random
hexamer was synthesized with the Taqman reverse transcription reagent (Ap-
plied Biosystems, Foster City, Calif.). The quantification of RNAs was performed
with ABI Prism 7900HT. 18S rRNA was quantified by the SYBR Green method
with 18S-rRNA-F (5�-GTA ACC CGT TGA ACC CCA TT-3�) and 18S-
rRNA-R (5�-CCA TCC AAT CGG TAG TAG CG-3�) as primers. Poliovirus
RNA was quantified by the Taqman method with PV c-2493F (5�-TGG TTG
GTG ACA GTT CTT ACA CAT T-3�) and PV c-2629R (5�-CCA CTG TGG
CAC ACA GTG ATG-3�) as primers and PV c-2579T (5�-FAM-CCA TGT CGA
ACG CAA AGC GCC-TAMRA-3�) as the probe. The detection of IFN-�, 2�-5�
oligoadenylate synthetase (OAS)1a, OAS1g, OAS2, OAS3, OASL2, protein ki-
nase R, RIG-I, and helicard mRNAs was performed with Assay-on-Demand
PCR probes (Applied Biosystems). The amount of mRNA was determined by
comparison with standard templates of cloned cDNAs of known copy number.
The expression levels were then normalized to the level of 18S rRNA.

RESULTS

Increased susceptibility of PVR-transgenic/Ifnar knockout
mice to poliovirus. We previously produced transgenic mice
expressing the human PVR gene (20, 21). PVR mRNA was
detected in the brain, spinal cord, thymus, lungs, heart, stom-
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ach, and muscle at high levels, in the spleen and kidneys at
intermediate levels, and in the liver at low levels (data not
shown). The PVR-transgenic mice were susceptible to polio-
virus infection via the intracerebral, intraperitoneal, and intra-
venous routes. The infected mice developed a paralytic disease
resembling human poliomyelitis. Unlike humans, however,
PVR-transgenic mice were not highly susceptible to oral infec-
tion with poliovirus. We performed subsequent experiments
with this transgenic mouse model.

Mice lacking the alpha/beta IFN response become highly
susceptible to several virus infections (26). We compared the
susceptibility of PVR-transgenic mice with that of PVR-trans-
genic/Ifnar knockout mice to poliovirus infection via intrace-
rebral, intravenous, and intraperitoneal inoculations. The mice
showed paralysis and died within 2 weeks p.i. in a dose-depen-
dent manner following inoculation via all routes. This sug-
gested that the mice died mainly due to poliovirus infection in
the central nervous system irrespective of the inoculation
route. The results and the LD50 values are shown in Table 1.
The PVR-transgenic/Ifnar knockout mice were more sensitive
to fatal poliovirus infection than the PVR-transgenic mice by
any infection route. The LD50 value for PVR-transgenic/Ifnar
knockout mice inoculated intracerebrally was 50-fold lower
than that for PVR-transgenic mice. Notably, PVR-transgenic/
Ifnar knockout mice became 3,000- and �20,000-fold more
sensitive to poliovirus via intravenous and intraperitoneal in-
oculation, respectively. Furthermore, 106 PFU of poliovirus
inoculated orally caused paralysis in 50% of the PVR-trans-
genic/Ifnar knockout mice (data not shown). On the contrary,
PVR-transgenic mice with the disrupted IFN-	 gene (42) did
not exhibit a significant increase in susceptibility to poliovirus
infection (data not shown). The results indicate that alpha/beta
IFN strongly influences poliovirus pathogenesis.

Distribution of poliovirus infection in PVR-transgenic/Ifnar
knockout mice. Increased susceptibility to poliovirus by periph-
eral infection routes suggested that the poliovirus replicated effi-
ciently in nonneural tissues. We compared poliovirus titers in the
various tissues of nontransgenic C57BL/6 mice, PVR-transgenic
mice, and PVR-transgenic/Ifnar knockout mice intravenously in-
oculated with 2 � 107 PFU of poliovirus. After intravenous inoc-
ulation, poliovirus was immediately delivered to all tissues, includ-
ing the central nervous system, independently of the presence of
PVR (47). Most of the PVR-transgenic mice and PVR-trans-
genic/Ifnar knockout mice developed paralysis by day 3 or 4 p.i.,
while the nontransgenic mice did not.

Figure 1 shows the virus load of various tissues on day 3 p.i.

The virus titers in the brain and spinal cord of PVR-transgenic
mice were much higher than those recovered from the same
tissues of nontransgenic mice. The virus titer in the pancreas of
PVR-transgenic mice was also higher than that of nontrans-
genic mice but not as high as the titers in the neural tissues of
transgenic mice. The viral load of most of the other tissues of
PVR-transgenic mice was slightly higher than that recovered
from nontransgenic mice. These results suggest that poliovirus
replicated efficiently in the central nervous system and less
efficiently in the pancreas and did not replicate or replicated to
only a slight degree in other nonneural tissues of PVR-trans-
genic mice. On the contrary, in PVR-transgenic/Ifnar knockout
mice, poliovirus titers in all of the tissues examined were very
high (Fig. 1), suggesting that the virus can replicate in nonneu-
ral tissues if alpha/beta IFN signaling is disrupted.

Poliovirus replication site in the visceral tissues of PVR-
transgenic/Ifnar knockout mice. We investigated the localiza-

FIG. 1. Comparison of poliovirus titers in tissues of nontransgenic,
PVR-transgenic, and PVR-transgenic/Ifnar knockout mice. The mice
were inoculated intravenously with 2 � 107 PFU of poliovirus type 1
Mahoney strain. The tissues of nontransgenic mice (hatched bars),
PVR-transgenic mice (open bars), and PVR-transgenic/Ifnar knockout
mice (solid bars) were separated on day 3 p.i., and virus titers were
determined by a plaque assay. The values represent the mean virus
titer � standard deviation of six mice. The asterisk indicates that the
values were below the limit of detection (2.0 log10 PFU/g).

TABLE 1. Susceptibility to poliovirus infection

Inoculation route Mouse straina
No. of mice dead/no. inoculated at inoculum dose (log10 PFU/mouse): LD50

(log10)�1 0 1 2 3 4 5 6 7 8

Intracerebral PVR-tg 0/6 1/6 1/6 1/6 4/6 5/6 6/6 2.5
PVR-tg/lfnar KO 0/6 1/6 3/6 6/6 6/6 0.8

Intravenous PVR-tg 0/6 1/6 1/6 4/6 3/6 6/6 5.0
PVR-tg/lfnar KO 0/6 0/6 5/6 6/6 1.7

Intraperitoneal PVR-tg 0/6 1/6 3/6 5/6 5/6 �6.2
PVR-tg/lfnar KO 0/6 3/6 5/6 6/6 1.2

a tg, transgenic; KO, knockout.
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tion of the poliovirus antigen and corresponding pathological
changes to determine the virus replication sites. In the liver of
PVR-transgenic mice, cells positive for the poliovirus antigen
were detected occasionally, after careful observation. The anti-
gens were found sporadically as a single cell or as a group of a few
poliovirus antigen-positive cells with cellular damage in the liver
on day 1 p.i., but were rarely detected after day 2 p.i. Inflamma-
tory cell infiltration was also observed around the infected cells
(Fig. 2A). Strong poliovirus antigen staining was not detected in
the spleen, but a few very weakly stained cells were observed in
the marginal zone (Fig. 2C). In the pancreas, groups of a few
poliovirus antigen-positive cells were sporadically observed on
day 1 p.i., with the number increasing slightly on day 3 p.i. (Fig.
2E). Although the infected area in the pancreas was not large, the
antigens were always detected in all the mice. This observation is
consistent with a higher poliovirus titer in the pancreas than in the
other visceral tissues (Fig. 1).

In contrast, in PVR-transgenic/Ifnar knockout mice, zonal
areas or clusters of poliovirus antigen-positive cells were ob-
served in the liver on day 1 p.i. (Fig. 2B). These infected cells
were identified morphologically as hepatocytes. The number of
poliovirus antigen-positive cells decreased on day 3 p.i., but the
inflammatory infiltrate became more evident. In the spleen,
poliovirus antigen was detected mainly in large mononuclear
cells in the marginal zone (Fig. 2D). These large mononuclear
cells were positive for CD11 in serial sections and were shown
to be macrophages (data not shown). In the pancreas, massive
infection was observed in acinar cells (Fig. 2F).

The destruction of hepatocytes and pancreatic acinar cells was
also confirmed by biochemical examination. Serum ALT and
amylase levels were measured in intravenously inoculated mice
on day 3 p.i. ALT values increased markedly in the PVR-trans-
genic/Ifnar knockout mice compared to the nontransgenic mice
(P 
 0.05, t test), whereas there was only a slight increase in the
PVR-transgenic mice (Fig. 3A). This result indicates destruction

FIG. 2. Immunohistochemical detection of poliovirus antigen in infected mice. Poliovirus antigens were detected in PVR-transgenic (A, C, and
E) and PVR-transgenic/Ifnar knockout (B, D, and E) mice with a rabbit polyclonal antibody recognizing the poliovirus capsid antigen. The mice
were intravenously inoculated with 2 � 107 PFU of poliovirus. (A) Liver of the PVR-transgenic mice on day 1 p.i. Poliovirus antigen-positive cells,
indicated by arrows, were focally observed with slight cellular infiltration around the infected cell. (B) Liver of PVR-transgenic/Ifnar knockout mice
on day 1 p.i. Hepatic cells positive for poliovirus were observed in a zonal pattern. (C) Spleen of PVR-transgenic mice on day 1 p.i. A few very
weakly stained cells are observed in the marginal zone, indicated by arrowheads. (D) Spleen of PVR-transgenic/Ifnar knockout mice on day 1 p.i.
Many poliovirus antigen-positive large cells are localized in the marginal zone. The cells were identified as macrophages on the basis of the
detection of CD11. (E) Pancreas of PVR-transgenic mice on day 3 p.i. A small cluster of cells positive for poliovirus antigen was observed in the
lobulus in association with a slight inflammatory reaction. The poliovirus antigen was observed constantly in all mice. (F) Pancreas of PVR-
transgenic/Ifnar knockout mice on day 3 p.i. Numerous acinar cells positive for the poliovirus antigen were distributed in many lobuli of the
pancreas. Only a few poliovirus antigen-positive cells were observed in Langerhans’ islets in the bottom left. (A) Bar, 125 �m.

FIG. 3. Serum ALT and amylase activities in infected mice. The
mice were inoculated intravenously with 2 � 107 PFU of poliovirus.
The sera of nontransgenic (hatched bars), PVR-transgenic (open
bars), and PVR-transgenic/Ifnar knockout (solid bars) mice were col-
lected on day 3 p.i., and their ALT activity (A) and amylase activity
(B) were determined. The mean values plus standard deviation of four
mice are shown. The asterisks indicate that the values are significantly
higher than those observed in the nontransgenic C57BL/6 mice (P 

0.05, t test).
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of hepatocytes in the PVR-transgenic/Ifnar knockout mice. The
amylase activity values in the serum of PVR-transgenic mice were
1.3- to 1.5-fold (mean, 1.4-fold) higher than that of the nontrans-
genic mice (P 
 0.05, t test), while those of PVR-transgenic/Ifnar
knockout mice were 1.2- to 2.3-fold higher (mean, 1.7-fold) than
that of nontransgenic mice (P 
 0.05, t test) (Fig. 3B). The results
indicated acinar cell destruction in the pancreas and/or salivary
glands in PVR-transgenic and PVR-transgenic/Ifnar knockout
mice. These observations further indicate that the loss of alpha/
beta IFN signaling apparently alters the tissue tropism. The hepa-
tocytes, acinar cells, and macrophages in the spleen became po-
tentially permissive for poliovirus infection, indicating that they
express host factors required to support poliovirus replication.

With PVR-transgenic/Ifnar knockout mice, the virus anti-
gens were not clearly detected in the kidneys, heart, and lungs
of poliovirus-inoculated mice. Similar experiments were per-
formed with another PVR-transgenic mouse strain, PVRtg25
(46). In this mouse strain, PVR mRNA expression levels are
higher than those of PVRtg21. We further crossed this strain
with Ifnar knockout mice and examined the susceptibility of
PVRtg25/Ifnar knockout mice to poliovirus. All of the inocu-
lated mice became moribund with jaundice on day 1 p.i. Im-
munohistological examination revealed that viral antigen-pos-
itive cells were detected in the liver, spleen, pancreas, kidneys,
and heart (data not shown). Poliovirus infection in the liver
was associated with massive necrosis of the parenchymal cells,
which was correlated with liver failure. This confirmed that
poliovirus can also replicate in the kidneys and heart when IFN
signaling is disrupted.

Role of IFN in poliovirus spreading in the body. The above
data indicate that the IFN response is particularly effective in
restricting virus replication in the visceral tissues. Viremia oc-
curred as a consequence of virus multiplication in extraneural
sites. It is possible that the IFN response influences virus titer
and, accordingly, that IFN also contributes in decreasing the
incidence of paralytic and fatal poliovirus infection by lowering
the chance of poliovirus entry into the central nervous system.
To demonstrate this, we compared the virus titers in PVR-
transgenic and PVR-transgenic/Ifnar knockout mice. We de-
termined virus titers in the plasma of PVR-transgenic and
PVR-transgenic/Ifnar knockout mice infected intraperitoneally
with poliovirus (103 PFU). This dose was employed because it
is below the LD50 of the PVR-transgenic and above that of the
PVR-transgenic/Ifnar knockout mice (see Table 1).

Expectedly, a very high titer (108 to 109 PFU/ml) of polio-
virus was detected on day 3 p.i. in the PVR-transgenic/Ifnar
knockout mice, resulting in the death of the mice at day 4 p.i.
In contrast, less than 103 PFU of poliovirus/ml was detected in
the PVR-transgenic mice between days 2 and 5 p.i., and it was
no longer detected at day 7 p.i. (Fig. 4). These results suggest
that some cells, if not all, that express PVR can act as reser-
voirs of poliovirus during the progression of the disease in the
viremic phase. However, only a small proportion of these cells
produce poliovirus with a low efficiency because of the inhib-
itory effect of IFN, and high-titer viremia is prevented in ani-
mals with a normal IFN system. We consider that virus repli-
cation sites during the viremic phase have not been
histologically identified because poliovirus replication levels
are normally low in these cells in PVR-transgenic mice, mon-
keys, and humans.

Expression of IFN-� and ISGs in the host. The susceptibility
to poliovirus varied among the tissues. We therefore deter-
mined if the expression profiles of genes that confer an anti-
viral state in the IFN response were different between target
and nontarget tissues. We determined the expression of
mRNAs for IFN-� and ISGs with a quantitative real-time
reverse transcription-PCR technique (Fig. 5). Since IFN-� is
the first alpha/beta IFN induced after virus infection (36, 39,
41) and picornaviruses are known to be sensitive to OAS (7, 8)
and protein kinase R (25), we focused on expression of IFN-�,
OAS, and protein kinase R mRNAs. Of the ten genes that are
similar to human OAS in the mouse genome, OAS1a, OAS1g,
OAS2, OAS3, and OASL2 were shown to synthesize 2�-5�oli-
goadenylate (16).

We first determined the expression levels of IFN-�, OAS, and
protein kinase R mRNAs in the noninfected PVR-transgenic
mice. Very little expression of IFN-� mRNA was observed in all
tissues of the noninfected mice (Fig. 5A). The expression levels of
the mRNAs for OAS1a, OAS1g, OAS2, OAS3, OASL2, and
protein kinase R are shown in Fig. 5B to G (open bars). The
expression level of each ISG mRNA and the tissue distribution
profiles were different. However, in general, they were expressed
in the nontarget tissues more abundantly than in the target tissues
of noninfected PVR-transgenic mice. No ISG was expressed at
high levels in the central nervous system, an observation consis-
tent with previous reports (1, 22, 30).

We then determined the changes in the expression levels of
IFN-� and ISG mRNAs in the infected mice (Fig. 5A to G).
On day 1 p.i., IFN-� mRNA expression in the spleen was
observed at very high levels. Low-level IFN-� expression was
observed in the heart, lungs, liver, kidneys, and muscle. No
significant increase of IFN-� mRNA was observed in the brain
and spinal cord on day 1 p.i. (Fig. 5A, gray solid bars). On day
3 p.i., IFN-� mRNA levels in the heart, lungs, liver, kidneys,
and muscle decreased to nearly basal levels. In contrast, they
increased to very high levels in the brain and spinal cord (Fig.
5A, solid black bars). Thus, the IFN-� mRNA expression pro-

FIG. 4. Viremia in PVR-transgenic mice and PVR-transgenic/Ifnar
knockout mice. Poliovirus (103 PFU) was inoculated intraperitoneally.
Plasma from three or four infected mice was collected at the indicated
day p.i., after which the virus titer in the plasma was determined. Open
circles, PVR-transgenic mice; solid circles, PVR-transgenic/Ifnar
knockout mice. Note that the virus titer in the PVR-transgenic/Ifnar
knockout mice is very high. The data for PVR-transgenic/Ifnar knock-
out mice on days 5 and 7 p.i. were not available because all mice died
on the fourth day after inoculation.
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FIG. 5. Expression of IFN-� and ISGs in PVR-transgenic mice. The expression levels of IFN-� and ISG mRNAs in noninfected PVR-
transgenic mice and PVR-transgenic mice infected intravenously with poliovirus (2 � 107 PFU) were determined by real-time quantitative PCR.
The amounts of IFN-� (A), OAS1a (B), OAS1g (C), OAS2 (D), OAS3 (E), OASL2 (F), and protein kinase R (G) mRNAs normalized to 107

copies of 18S rRNA are shown. Open bars, gray solid bars, and black solid bars indicate the results for noninfected mice, infected mice at 1 day
p.i., and infected mice at 3 days p.i., respectively. The mean values for three to six mice are indicated. The numbers above each figure indicate
values that could not be represented within the figures. Note that the open bars in A are not visible because IFN-� mRNA expression in the
noninfected mice was very low.
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files are different between target tissues and nontarget tissues
in poliovirus-infected mice.

The expression levels of ISG mRNAs also changed after
poliovirus infection, consistent with the change in IFN-�
mRNA levels (Fig. 5B to G, gray and solid black bars). The
ISG expression pattern was clearly different between the target
and nontarget tissues. ISG mRNAs increased in most of the
visceral tissues on day 1 p.i. The expression level of ISG
mRNAs increased most efficiently in the spleen. The levels of
ISG mRNAs were relatively high in the heart, lungs, liver,
kidneys, and skeletal muscle. In these tissues, the viral load was
low (Fig. 1), and the poliovirus antigen was not detected. This
indicates that ISG induction in these tissues was sufficient to
inhibit poliovirus replication. The expression levels of ISG
mRNAs in these tissues decreased on day 3 p.i., with a corre-
sponding decrease in IFN-� mRNA levels. In the brain and spinal
cord, however, significant induction of ISG mRNAs was not ob-
served on day 1 p.i. The induction became evident only on day
3 p.i., when poliovirus destroyed a large number of neurons. We
also noticed that the ratio of ISG and IFN-� mRNAs (ISG/IFN-�
mRNA) in the brain and spinal cord on day 3 p.i. was much lower
than that in nontarget tissues on day 1 p.i. (Fig. 5A to G). This
indicates that the IFN response did occur in neurons in the brain
and spinal cord but was not sufficient and failed to inhibit viral
growth in the early phase of infection.

Expression of RIG-I, MDA-5/helicard, and IRF-7 in target
and nontarget tissues. The data suggests that neurons in the
target tissues failed to respond sufficiently to poliovirus infec-
tion. It is possible that there is a difference in the expression
mechanism of the IFN response. We proceeded to examine a
regulatory factor required for IFN response. Yoneyama et al.
recently found that RIG-I functioned as a detector of intracel-
lular double-stranded RNA. The cells that express this gene at
high levels in vitro can induce IFN in an accelerated fashion
and can survive against encephalomyocarditis virus and vesic-

ular stomatitis virus infection (48). MDA-5/helicard is another
caspase recruitment domain (CARD)-containing helicase,
which is implicated as having a function similar to that of
RIG-I (48). Both RIG-I and MDA-5/helicard are inducible by
IFNs (17, 48).

Figures 6A and B show the changes in the RIG-I and MDA-
5/helicard levels, respectively. Like that of other ISGs, the
expression of these genes is low in the brain and spinal cord but
high in nontarget tissues in the noninfected mice. The response
of these genes after poliovirus infection is similar to that of
other ISGs. They were induced at high levels in the nontarget
tissues on day 1 p.i. but not in the target tissues. Thus, the
nontarget tissues that expressed RIG-I and MDA-5/helicard at
high levels may have an advantage in inducing IFN-� soon
after poliovirus infection. We also examined the expression of
IRF-7, another regulatory factor involved in the activation of
IFN-� genes. IRF-7 thus is important to amplify the IFN re-
sponse (37). The expression profile of IRF-7 was also similar to
those of other ISGs (Fig. 6C).

Protection of mice from poliovirus infection by poly(I:C)
treatment. The preceding data suggest that neurons in the
brain and spinal cord were highly susceptible to poliovirus
because expression levels of ISGs, including OASs and RIG-I,
were low in the noninfected state. If this is the case, pretreat-
ment to induce the antiviral state in the central nervous system
would increase the survival rate of poliovirus-infected mice.
Hence, treatment with poly(I:C) is expected to induce IFNs
and ISGs and establish an antiviral state.

Poly(I:C) (200 �g) was administered intracerebrally to PVR-
transgenic mice, and on the next day, RNA was prepared from
the brain and spinal cord. The levels of OAS1a and RIG-I were
determined by real-time quantitative PCR. As expected, expres-
sion of the mRNAs for OAS1a and RIG-I was elevated to high
levels by poly(I:C) (Fig. 7A and B). PVR-transgenic mice treated
with poly(I:C) or mock treated were challenged with poliovirus

FIG. 6. Expression of RIG-I, helicard, and IRF-7 mRNAs in PVR-transgenic mice. The expression levels of RIG-I, helicard, and IRF-7
mRNAs of noninfected PVR-transgenic mice and PVR-transgenic mice infected intravenously with poliovirus (2 � 107 PFU) were determined by
real-time quantitative PCR. The mean values for three mice are indicated. The amounts of RIG-I (A), helicard (B), and IRF-7 (C) mRNAs were
determined. Open bars, gray solid bars, and black solid bars indicate the results of noninfected mice, infected mice at 1 day p.i., and infected mice
at 3 days p.i., respectively. The amounts of mRNA per 107 copies of 18S rRNA are shown.
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(104 PFU) by the same route. The survival of the mice is shown in
Fig. 7C. Mock-treated PVR-transgenic mice died at 2 to 6 days
p.i., with a survival rate of 7.7%. After poly(I:C) treatment, mice
died at 4 to 16 days p.i., increasing the survival rate to 30.8%. The
clinical symptoms observed in the poly(I:C)-treated PVR-trans-
genic mice were almost the same as those observed in mock-
treated mice, suggesting the same pathology. The results indicate
that the poly(I:C)-treated mice survived longer than mock-treated
mice, with the survival rate of poly(I:C)-treated mice being higher
than that of mock-treated mice (P 
 0.05, log rank test). These
data suggest that the antiviral state induced by treatment with
poly(I:C) was effective in preventing poliovirus replication in the
central nervous system.

DISCUSSION

IFN system is a host factor that inhibits poliovirus replica-
tion. Picornaviruses are sensitive to IFNs. However, little is
known about the role of alpha/beta IFN in the pathogenesis of
poliovirus in vivo. We have shown the importance of the IFN
response in poliovirus infection in vivo with a transgenic mouse

expressing human PVR. In the PVR-transgenic mice, poliovi-
rus replicates and produces severe lesions in the brain and
spinal cord, while other tissues did not show severe patholog-
ical changes.

It would be reasonable to assume that some host factors
required for poliovirus replication are lacking in the nontarget
cells and tissues. PVR was thought to be such a determinant
(13). However, previous studies revealed that many nontarget
tissues expressed PVR (18, 21, 24, 31, 32). It is therefore
impossible to explain poliovirus tissue tropism solely by the
presence of PVR. Gromeier et al. (11) and Yanagiya et al. (46)
proposed a hypothetical mechanism called the internal ribo-
some entry site (IRES)-dependent mechanism to explain the
tissue tropism of viruses. The IRES controls the efficiency of
protein synthesis in some viruses. Chimeric viruses containing
the IRES of human rhinovirus and hepatitis C virus instead of
the poliovirus IRES do not replicate in the central nervous
system. Therefore, the poliovirus IRES confers the ability to
replicate in neurons on the chimeric virus, while the IRESs of
human rhinovirus and hepatitis C virus do not. It is possible
that the poliovirus IRES, particularly in virulent strains, is
designed to exhibit full activity in neurons. In this hypothesis,
host factors related to poliovirus IRES function should be
restricted to neurons. However, poliovirus can replicate in
cultured cells of nonneural origin. This hypothesis does not
completely explain why poliovirus does not replicate efficiently
in nontarget tissues in vivo.

It is also possible to assume that some host factors that
inhibit poliovirus replication are present in the nontarget tis-
sues. The liver, spleen, and pancreas were spared severe po-
liovirus infection only when the IFN system was functional.
These data demonstrate that the IFN system is one of the
major factors that confers resistance against poliovirus infec-
tion. Limitation of poliovirus tissue tropism is achieved by
inhibition of poliovirus replication by the IFN system in non-
target tissues. An altered tissue distribution of viral replication
was observed in mice deficient in the Ifnar gene or in mice
deficient in the signal transducer and activator of transcription
1 (Stat-1) gene infected with viruses other than poliovirus (9,
10, 28, 34, 44). In these animals, virus replication was observed
in tissues that were normally considered nontarget tissues.
Therefore, it is a general principle that the tissue tropism of
viruses is determined, at least in part, by an IFN-dependent
mechanism.

Unequal IFN response selectively inhibits poliovirus repli-
cation in nontarget tissues. In cultured cells, encephalomyo-
carditis virus replication occurs rapidly within 6 h, and the
infected cells are usually destroyed by lytic replication of virus
before they produce IFNs. However, constitutive expression of
OAS or protein kinase R (7, 8, 25), which are effectors of
antiviral activity, and expression of RIG-I (48), a regulator of
IFN induction, inhibited viral replication. It is very likely that
the same mechanism operates during poliovirus infection.

We determined the expression of ISGs in the tissues. The
distribution of ISG mRNAs in the noninfected mice was not
equal among tissues. They were expressed in the nontarget
tissues more abundantly than in the target tissues (Fig. 5).
These existing ISG products may help restrict virus replication
and spread in the nontarget tissues during the initiation of
infection in vivo. In PVR-transgenic/Ifnar knockout mice, the

FIG. 7. Induction of mRNAs for OAS1a (A) and RIG-I (B) after
poly(I:C) treatment. PVR-transgenic mice was administered poly(I:C)
(solid bars) or mock treated (open bars). RNA was prepared from the
mice 1 day after administration. The amounts of RNA were deter-
mined by real-time quantitative PCR. (C) Survival of infected mice.
PVR-transgenic mice administered poly(I:C) (solid circles) or mock
treated (open circles) (13 mice each) were challenged intracerebrally
with 104 PFU of poliovirus. Mice were observed for 3 weeks. The
survival rate of poly(I:C)-treated mice was significantly higher than
that of mock-treated mice (P 
 0.05, log-rank test).
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expression levels of mRNAs for ISGs were greatly reduced.
The mRNAs for OASs were detected only in the intestine and
thymus (data not shown). This is also consistent with the result
of Ueda et al. (43), which showed that OAS expression in most
tissues was reduced in p48 (IRF-9)-deficient mice. This result
suggests that ISG expression in most of the tissues, even in the
noninfected state, is mainly dependent on the IFNAR-depen-
dent pathway. It also suggests that these tissues were continu-
ously exposed to IFN stimulation at low levels (43). Visceral
tissues such as the intestine and lungs are continuously at risk
of exposure to pathogens. These tissues may be programmed
to respond readily to viral infection. Alternatively, they are
constantly stimulated by nonpathogenic microorganisms
present in the body and thus are already primed.

Furthermore, the IFN response after poliovirus infection
was also different among tissues. High-level response was ob-
served in the spleen but was not observed in the spinal cord.
This suggests that the IFN response profile may differ depend-
ing on the cells and tissues. Since RIG-I and MDA-5/helicard
are also IFN inducible (17, 48), they also existed more abun-
dantly in the nontarget tissues (Fig. 6), like other ISGs (Fig. 5).
Some of the important regulators of the IFN response, such as
IRF-7 and IRF-9, are also IFN inducible. The cells that are
primed even at low levels of IFNs may be equipped with all the
machinery necessary for the IFN response. Thus, the nontarget
tissues may be ready to respond to viral infection. Unequal
distribution of the regulators of the IFN response is again
consistent with the idea that poliovirus replication is selectively
inhibited in nontarget tissues.

On the contrary, neurons in the brainstem and spinal cord
could not induce a sufficient antiviral state after poliovirus
infection. However, pretreatment with poly(I:C) increased the
survival of PVR-transgenic mice against poliovirus challenge
(Fig. 7). This suggests that neurons also became resistant to
poliovirus infection as long as they were treated. It is therefore
possible that the status of ISG expression in the early phase of
infection is critical in determining the fate of infected cells and
an unequal IFN response may be one of the reasons for the
differential susceptibility of cells and tissues to poliovirus. Al-
though the IFN response was not equal in PVR-transgenic
mice, both the basal expression of ISGs and induction of ISGs
after poliovirus infection are equally null in PVR-transgenic/
Ifnar knockout mice. Without these unequal protective re-
sponses, replication of poliovirus was observed in PVR-trans-
genic/Ifnar knockout mice in the nontarget tissues as well.

Incidence of paralytic disease is influenced by the IFN re-
sponse. In a natural poliovirus infection, less than 1% of in-
fected individuals develop paralytic disease, and virus clear-
ance occurs in most persons with asymptomatic or mild
infections (4, 23, 35). Viremia is observed only transiently in
experimentally infected chimpanzees and monkeys, with titers
of less than 105 tissue culture infective doses per ml with
virulent strains (3, 5). Viremia was not observed in a chimpan-
zee and a human volunteer administered attenuated vaccine
strains (35). Thus, viremia titers seem to correlate with central
nervous system invasion in primates.

Our data showed that viral replication in visceral tissues is
inhibited by the IFN response in PVR-transgenic mice. Polio-
virus can enter the central nervous system, penetrating the
blood-brain barrier. This pathway is considered the main path-

way of poliovirus entry into the central nervous system in the
PVR-transgenic mice after poliovirus infection via peripheral
routes (47). Inhibition thus results in reduction of the virus
titer in the blood and reduction of the chance of virus entry
into the central nervous system. In contrast, PVR-transgenic/
Ifnar knockout mice showed viremia with a very high titer and
a high incidence of paralytic disease. It is therefore possible to
speculate that the low incidence of paralytic poliomyelitis in
humans is also a result of inhibition of poliovirus replication in
nonneural tissues by the host IFN response, although we have
no experimental evidence on humans. Paralytic poliomyelitis
may occur when the alpha/beta IFN response does not work
sufficiently in patients with certain conditions. Individuals who
have a defect(s) in a gene(s) that contributes to the IFN re-
sponse would be more susceptible to paralytic poliomyelitis.

Conclusion. The tissue tropism and pathogenesis of viruses
are determined by a combination of several factors. In the case
of poliovirus infection, poliovirus replication sites are primarily
determined by the presence of the receptor, with the capture
and entry of the virus into the cells supported by the PVR.
Cells expressing PVR at high levels may be favored for polio-
virus infection (20). Thus, the tropism of poliovirus may be
dependent on the amount of PVR. After virus entry into cells,
efficient replication of poliovirus may be dependent on the
milieu of infected cells. If the environment is optimal for RNA
and viral protein synthesis, a large number of viral particles will
be produced per cell. If antiviral activities, such as the IFN
response, are sufficiently high, virus replication will be inhib-
ited. Thus, the fate of infected cells is determined by the
balance of the replicating capacity of poliovirus and the anti-
viral activity of the host. Visceral tissues will then fail to serve
as a massive factory of poliovirus, and the chance of viral entry
into the central nervous system is greatly reduced.

If the virus enters the central nervous system, virulent poliovi-
rus strains can replicate in neurons, where the antiviral defense is
not sufficiently ready, and the patient develops paralytic disease.
Therefore, the innate antiviral defense is an important determi-
nant of tissue tropism and pathogenicity of poliovirus. It is of
interest to investigate if the alpha/beta IFN response also contrib-
utes to selective poliovirus infection in the motor neurons in the
central nervous system or to infection in the gastrointestinal tract.
These questions will be elucidated in future studies. In the case of
other viruses, situations such as distribution of the receptor mol-
ecule, replication capacity in each tissue, and resistance to the
IFN system may differ from those of poliovirus. It therefore seems
likely that each virus displays a distinct disease pattern unique to
that particular virus.
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